In recent years, wireless networks are undergoing the paradigm transformation from high-speed data rate to connecting everything, raising the development of Internet of things (IoT). As a typical scenario of IoT, vehicular networks have attracted extensive attentions from automotive and telecommunication industry, especially for ultra-reliable and low latency communication (URLLC) applications. However, the conventional wireless networks are mainly designed for promoting spectral efficiency, without paying sufficient attention to the URLLC requirements. To this end, this paper aims at investigating latency and reliability in vehicular networks. Specifically, we first present promising URLLC applications and requirements. Several performance evaluation methods are subsequently discussed from the viewpoints of physical and media access control layers. Taking advantage of these methods, the underlying transmission techniques and scheduling algorithms can be assessed efficiently and accurately. Finally, some promising solutions are presented in order to tackle potential challenges.
I. INTRODUCTION
Over the past decade, wireless communications achieved great success and progress. People can not only use the traditional voice services, but also enjoy the high-speed data traffic. Recently, the advent of emerging Internet of things (IoT) applications further promotes wireless networks to shift the paradigm from promoting spectral efficiency to connecting everything. Therefore, in order to efficiently support the IoT applications, the fifth generation (5G) system proposes two additional usage scenarios as the supplement of enhanced mobile broadband (eMBB), namely ultra-reliable and low latency communication (URLLC) and massive machine type communication (mMTC) [1] . The use case with high reliability and low latency is a very important application scenario of 5G. For example, some of delay-sensitive services will demand an end-to-end latency of a few milliseconds, while the fields such as wireless automation and control may in addition require reliabilities in terms of block error rates on the order of 10 −6 .
As a typical application scenario of IoT, vehicular networks (VNETs) are widely studied in recent years. Driven by VNETs, the automotive industry is also undergoing key technological transformations, and vehicles are connected to share various information. In order to integrate the advantages of dedicated short range communication (DSRC) and long term evolution (LTE) systems, heterogeneous vehicular networks (HetVNETs) are proposed not long ago [2] . With the aid of HetVNETs, the experience of sharing information and cooperation driving on the road are significantly improved. However, the increasingly complex road conditions pose new challenges to HetVNETs. The future smart vehicles not only rely on the abundant sensors to deal with the safety-related applications, but also require the ultra-reliable and low latency wireless networks to exchange real-time information.
Besides the performance indicator, the increasingly complex conditions also stimulates the rapid development of communication pattern. In order to enrich the application types, the automotive and telecommunication industries put forward two novel communication patterns for the next generation VNETs (NGVNETs), namely vehicle-to-network (V2N) and vehicle-to-pedestrian (V2P) communications. Integrating with vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications, four patterns are generally referred to as vehicle-to-everything (V2X) [3] . These four kinds of V2X communications can provide more intelligent services for end-users via cooperation. For instance, the advent of autonomous driving (AD) pushes extensive opportunities of NGVNETs [4] . In order to enhance the reliability of AD, the predictive maintenance of sensors plays an indispensable role for AD systems.
Original manufacturers can gather the huge volume of data generated by sensors, and analyze them to offer the real-time assistance of control. To this end, URLLC and diverse communication patterns become essential parts for NGVNETs.
In general, each service has its specific latency and reliability requirements. For example, safety-related applications have higher priority than non-safety-related ones, hence the requirement levels of latency and reliability are higher. Similarly, event-triggered services are more reliable and timely than periodic ones. To meet different requirement levels, various emerging techniques of physical (PHY) and media access control (MAC) layers should be investigated in detail. However, conventional wireless networks are designed with the objective of maximizing spectral efficiency, without paying much attention to the URLLC requirements. Therefore, it is necessary to study the relation between latency and reliability.
By introducing URLLC applications and requirements, this paper proposes and summarizes several performance evaluation methods of latency and reliability from different viewpoints. Specifically, we discuss three methods in PHY layer from theoretical and practical viewpoints. As for MAC layer, the cases of single-and multi-node are studied respectively. Finally, some promising solutions are presented in order to tackle potential challenges.
The remainder of this paper is organized as follows. In Section II, some typical use cases of V2X are discussed, where the corresponding requirements are also analyzed. In order to accurately evaluate various techniques of URLLC, Section III proposes several performance evaluation methods from different viewpoints. Then some of advanced techniques and solutions are subsequently presented in Section IV.
Finally, conclusions and future outlook are drawn in Section V.
II. UNDERLYING APPLICATION SCENARIOS
In this section, four communication patterns (V2V, V2I, V2N and V2P) and six application scenarios are discussed. As shown in Fig. 1 , the scenarios are divided into two categories, where one is based on V2V and V2P patterns, and the other is based on V2I and V2N. In general, V2V communications can broadcast the messages to the surrounding vehicles to exchange V2V application information, such as velocity and location, etc. V2P communications are similar to V2V, while the main difference is that one of the tranceivers is a pedestrian. Moreover, due to the limitation of power consumption of pedestrian user, the frequency of V2P communications is lower than V2V. Unlike V2V and V2P, V2I and V2N communications focus on the functionalities of large-scale cooperation. Furthermore, V2N pattern supports the communications with evolved packet switching.
A. V2V and V2P Patterns
There exist a few similar characteristics between V2V and V2P, hence we discuss them together in this subsection, and so does the next subsection. In the V2V and V2P patterns, most application scenarios are safety-related. Three main types of scenarios are studied as follows. 1) Driving and Road Safety: As conventional vehicular applications, driving and road safety are first discussed here. With more and more vehicles being connected to the networks, the issues of traffic accidents can be eased. For instance, in order to avoid the accidents generated by blind spot, vehicles can broadcast the overtaking messages to the surrounding vehicles via V2V communications. Furthermore, some of the other use cases are also included but not limited to these, such as lane changing (via V2V) and collision avoidance (via V2V/V2P), etc.
2) Cooperative Awareness and Control: According to the incomplete statistics, most traffic accidents are caused by the negligence of drivers. Therefore, the drivers are being remove from the closed-loop system -"vehicle, road and driver". With the development of sensors, AD is expected to be a competitive candidate techniques to support the above operation. However, the ability of sensors on a single AD vehicle is limited. Thus the AD reliability can be effectively improved by multi-vehicle cooperative awareness.
Moreover, utilizing ultra-reliable and low latency NGVNETs, we can also integrate the different control functions of AD vehicles into one control plane, which is convenient to monitor and manage them. On the other hand, V2P communications can be seen as the most reasonable way to let pedestrians interact with AD vehicles in this case.
3) Mobility as a Service: With the rapid development of mobile Internet, mobility as a service (MaaS), as an emerging mode, is proposed recently [5] . Unlike the above safety-related use cases, MaaS is nonsafety-related one. Generally speaking, MaaS offers end-users a solution to find the most appropriate means of transports and telecommunications. For example, in order to enjoy more efficient and comfort travel, pedestrians can broadcast their actual needs to the surrounding vehicles via V2P communications, so that they can quickly find the suitable vehicles. Similarly, (AD) vehicles can find the pilots to enjoy accurate navigation through V2V/V2P communications. Besides, due to the characteristics of flexible mobility, (AD) vehicles can be used as mobile relays to meet the communication requirement in the poor coverage areas.
B. V2I and V2N Patterns
The application scenarios of V2V and V2P patterns mainly focus on small-region. On the contrary, most cases of V2I and V2N concentrate on large-region cooperation. Here three main types of application scenarios are also discussed, i.e.,
1) Traffic Efficiency:
It is well known that traffic congestion and environmental pollution have become important global issues in the transport industry. To overcome these problems, NGVNETs are indispensable elements in the future. In general, the traffic flow is similar to fluid dynamics, the macro control of flow adopting V2I (V2N) is more efficiently than that of V2V. Then, with the help of reasonable routes, the issues of congestion and pollution can be eased. Furthermore, V2I (V2N) communications can also deal with the problems of broadcast storm caused by the emergency vehicles.
2) Periodic Report: Periodic report as an important and typical scenario in the V2I and V2N patterns, is listed here. There exist two aspects for periodic report, namely manual driving and AD vehicles. As for manual driving vehicles, not only the machinery state messages but also the road condition information should be reported to the infrastructures, which helps department of transportation comprehensively coordinate the road safety. While for AD vehicles, besides the above messages, the huge volume of data generated by sensors should be sent simultaneously. Then the services of predictive maintenance can be offered by the powerful background servers and advanced analysis algorithms.
3) Social Entertainment on the Road: This scenario can be regarded as the eMBB services in NGVNETs.
Hence, the basic applications of eMBB can be shifted here. Despite this, some particular features in the vehicular environment should be considered, such as regional and self-organization characteristics. This case may study in other literatures in detail [6] .
C. Requirement Levels
Different scenarios result in different requirements of latency and reliability. Obviously, concerning the reliability of AD vehicles, cooperative awareness and control have the highest level among these cases.
However, social entertainment on the road is not sensitive to latency and reliability, but requires high data rate. Various requirement levels of latency and reliability are summarized in Table I .
III. PERFORMANCE EVALUATION METHODS FOR URLLC
The conventional wireless networks are mainly designed with the objective of promoting spectral efficiency, without paying much attention to the URLLC requirements. In order to meet the URLLC requirements, it is necessary to study the relation between latency and reliability. In this section, several performance evaluation methods of latency and reliability are discussed from the viewpoints of PHY and MAC layers.
A. PHY Layer
In order to fully understand latency and reliability in PHY layer, we study the relation between them from theoretical and practical viewpoints.
1) Theoretical Viewpoint:
a) Error Probability: Shannon's ground-breaking work is the creation of the abstract model of communication, which converts many practical engineering problems into appropriate mathematical problems.
One of the outstanding parts among Shannon's achievements is to study how much information can be transmitted reliably through channel, and it is also referred to channel coding. Hence, we discuss the relation between latency and reliability based on the information-theoretic viewpoint.
The formula of channel capacity tells us the maximum number of bits transmitted by channel with no error. However, in order to achieve this capacity, there raise two limitations namely latency and complexity. If we want to transmit the information with channel capacity, we must pay infinite coding length (latency) and huge complexity. Obviously, it goes against the requirements of URLLC. Therefore, the researchers study the new results in recently years to deal with these two limitations, then we have the following approximation [7] R
where C is the channel capacity, V is the so-called channel dispersion, and Q −1 (·) denotes the inverse of the Gaussian Q function. n and ε is the block length and error probability, and they can be seen as the proxies for latency and reliability, respectively. Unlike the classical formula of channel capacity, Equ. (1) clearly shows that the relation between latency, reliability and capacity. Here let us give an example to illustrate it. Consider an additive white Gaussian noise channel with signal-to-noise ratio (SNR) equaling 0 dB [7] . We can calculate the capacity by Shannon's formula, i.e. C = 0.5 bits/channe use. This result shows that we can communicate at rates 0.5 bits per channel use with no error by the infinite number of channel uses. But this result is always limited by latency requirements for the practical engineering.
Hence, we decrease the capacity by a factor 0.9 and tolerate a error probability ε = 10 −3 , whereupon the minimum number n of channel uses is reduced from infinity to n ≈ 2750. Obviously, it is beneficial for the URLLC requirements. The above formula is based on the time-invariant channel. With the regard to the real-world wireless channel, the results of block-fading and time-variant channel can be found in [8] .
b) Outage Probability: In general, we discuss the outage capacity instead of the channel capacity (also referred to as the ergodic capacity) in wireless communications. Therefore, the outage probability is modeled as the reliability here. Our research is based on the orthogonal frequency division multiplexing (OFDM)-related system model. The time duration and frequency bandwidth of one resource element are defined as T s and f s . Then the relation between latency L and reliability P out is
Each service has its specific latency and reliability requirements.
Search mapping tables to acquire average SNR and MCS.
Finally, select appropriate transmission scheme for air interface. it is hard to directly use the above results in the practical systems, such as LTE-related systems. Hence, in order to tackle this question, we remodel the reliability as block error rate (BLER), which is more actual for the existing systems. Since there adopts the simulation method, the relation between latency and reliability is considered as an interface function. Further, a total of five parameters are treated as the inputs, and BLER as the proxy of reliability is regarded as the output.
As illustrated in Fig. 2 , these five input parameters are the packet size, total bandwidth, latency, coding rate and average SNR. The usage and idea of interface are described in detail as follows. First, various SNR-BLER curves are obtained by the means of simulation according to all kinds of typical input parameters. Then, the average SNR can be calculated by curve fitting, which is based on the actual system states and corresponding requirements (including and BLER, etc.). At last, in order to meet this average SNR, the appropriate transmission schemes are provided, which is composed of the modulation and coding scheme (MCS) and configuration of multi-antenna, etc. Overall, compared with outage probability, BLER is a more efficient and practical performance metric for real use.
B. MAC Layer
PHY layer mainly focuses on transmission latency also called air interface latency, while MAC layer pays much more attention to scheduling latency. In this subsection, we discuss scheduling latency from the viewpoints of single-node and multi-node, respectively.
1) Single-node Viewpoint: The relation between latency and reliability of single-node is similar with the system reliability. Hence, first of all, let us elaborate the background of system reliability theory.
Generally, there are three main branches of reliability, namely hardware reliability, software reliability and human reliability. Here we mainly concern with the first one: the reliability of components and systems. In the theory, the reliability function is described as a probability that the time to failure (random variable) is greater than a value [9] .
Inspired by the above contents, we can easily shift this paradigm to MAC layer. Then the reliability is modeled as the probability that the scheduling latency does not exceed an expected threshold. Taking advantage of the cumulative distribution function (CDF) of latency F (t), the general expression for latency L and reliability R(t) can be given by
where f (L) is the PDF of scheduling latency. The conceptual illustration of Equ. (3) is plotted at Fig. 3(a) as follows. As shown in Fig. 3(a) , there is a tradeoff between latency and reliability. The general expression of latency and reliability offers us a guide to future research and design, that is, our optimization goal is to let the curve move left as far as possible.
On the other hand, many mathematical theories can be also used for analyzing the scheduling latency, such as queueing theory, stochastic network calculus and Markov process, etc. Besides, an empirical CDF can be acquired by the means of simulation.
2) Multi-node Viewpoints: The above analysis is based on the case of single-node, without the consideration of multi-node cooperation. As for the case of multi-node, we can reuse Equ. (3) to evaluate the performance of the entire network. In particular, with the aid of graph theory, the physical networks are transformed to the abstract models. As shown in Fig. 3(b 
IV. PROMISING SOLUTIONS FOR URLLC
The application scenarios of URLLC pose new challenges to the techniques of PHY and MAC layers.
To deal with these challenges, several promising solutions are discussed in this section. Moreover, network architecture design is also considered here, such as network slicing.
A. Flexible Transmission Solutions of PHY Layer
Error probability indicates the coding performance, while outage probability focuses on the performance of transmission techniques. It is well know that multiple-input multiple-output (MIMO) is a key technique for OFDM-related systems. MIMO has two modes namely diversity and multiplexing. Diversity is generally seen as a means to enhance reliability. Hence, with the aid of outage probability, the effects of MIMO to latency and reliability are investigated at first. (MRC) are adopted here. It is noted that MRT in multiple-input single-output has the same performance with MRC in single-input multiple-output, thus we only plot the case of single-input multiple-output. As shown in Fig. 4(a) , the outage probability monotonically decreases with the increase of latency. It means that there is a tradeoff between latency and reliability. Furthermore, the outage probability decreases with the increasing number of antennas. As for the given latency and N r , the outage probability decreases with the increasing SNR. Similarly, the latency also decreases with the increasing SNR. To this end, the high average SNR is conducive to enhance latency and reliability. Many 5G emerging techniques can be adopted for URLLC to improve the average SNR, such as massive MIMO, millimeter wave communications and hybrid beam-forming, etc [11] . At last, the correlation of channel is considered. Fig. 4(a) , Fig. 4(b) clearly illustrates that the correlation can reduce the reliability.
Compared with
Besides the above techniques, another promising solution is the novel numerology design in order to efficiently support URLLC. As shown in Fig. 5(a With the interface function mentioned in Section III-A, we can define a flexible PHY layer interface to meet various service requirements. Many emerging PHY layer techniques can be involved in the interface, such as massive MIMO and new waveforms. For instance, Fig. 5(b) illustrates the curves between SNR and BLER based on the frame structure of LTE/LTE-advanced. As can be seen from Fig. 5(b) , if we want to transmit the packet with latency 0.5ms and reliability 10 −3 , the average SNR should be greater than or equal to +8.6 dB, and the modulation scheme should be 64-quadrature amplitude modulation (QAM). According these conclusions, the flexible air interface can adopt appropriate techniques to meet these requirements, such as multi-antenna diversity. To this end, the interface function of latency and reliability can efficiently promote the implement of flexible PHY layer transmission.
B. Advanced Scheduling Schemes of MAC Layer
Broadcast is able to meet the requirements of V2V and V2P services, especially for those ultra-reliable and ultra-low latency applications, such as cooperative awareness and control, etc. In order to eliminate the additional latency and overhead of scheduling, we usually adopt carrier sense multiple access (CSMA)related broadcast strategies (like DSRC system). Hence, there inevitably exist broadcast storms, and result in the performance degradation. Recently, several contention-based strategies are studied, where the most representative ones are spares code multiple access (SCMA) and multi user shared access (MUSA) [12] .
Their core ideas are to achieve non orthogonal access in code domain, and prevent transmission collision.
In summary, the contention-based mechanism is the promising solution for broadcast services.
Besides the broadcast, another method for V2X applications is to adopt LTE-based device-to-device communications. Usually, one transmission is scheduled by the base stations or access points with a request-grant procedure in the LTE, which brings the extra overhead and latency. Therefore, grantfree multiple access techniques should be studied in depth. As a temporary transition, semi-persistent scheduling (SPS) scheme is discussed in the recent research [13] . In the SPS, the resource pool of schedule assignments and its associated data resource pool are jointly employed with the frequency division multiplexing manner rather than the time division multiplexing one. Obviously, this way is beneficial to decrease latency and improve resource utilization.
Another key performance indicator of scheduling is reliability. Taking advantage of performance evaluation method mentioned in Section III-B, we can compare the performance of different algorithms efficiently and accurately. On the other hand, because of the characteristics of self-organization in V2X, some distributed algorithms are the emphases of future research, as well as open-loop centralized algorithms [14] . 
C. Network Slicing
The current wireless network utilizes a relatively monolithic framework to carry all kinds of services, such as mobile data from smart phones, high-speed vehicles and embedded machine-to-machine (M2M) devices, etc. With the rapid development of mobile Internet in recent years, many emerging services pose challenges to not only various PHY and MAC layer techniques, but also network architectures. In order to efficiently support the vertical industry applications (such as mMTC and NGVNETs, etc.), and manage network functionalities and infrastructures, end-to-end network slicing is regarded as a promising solution to these challenges.
In general, the intrinsic concept of network slicing is network virtualization. The physical networks are sliced into multiple virtual networks, which is the so-called network slicing. Each slicing is designed and optimized for the specific requirements and service. Moreover, network slicing can also be extended to the radio access networks, not just in the core networks [15] .
As illustrated in Fig. 6 , integrating the above various techniques, several network slicing are proposed for different requirement levels. For example, as for driving and road safety as well as cooperative awareness and control, an ultra-reliable and ultra-low latency slicing is designed with the shortest TTI and grant-free access. Compared with V2V and V2P, V2I and V2N are mainly centralized, hence massive MIMO and efficient centralized scheduling can be adopted in the base stations or access points.
Furthermore, MaaS and social entertainment on the road can be support by the mMTC and eMBB slicing, respectively. Network slicing can not only maximize the use of the previous infrastructures, but also keep good backward compatibility. Therefore, network slicing provides a feasible evolutional roadmap from 4G to 5G, and offers better services to end-users.
V. CONCLUSION URLLC, as one of the three main scenarios in the future, is paid much attention by various industries, especially the automotive industry. In order to evaluate the emerging 5G techniques for URLLC, we mainly proposed and summarized several performance evaluation methods in this paper. In PHY layer, utilizing the outage probability and BLER, the relation between latency and reliability were illustrated from theoretical and practical viewpoints, respectively. Besides, the capacity formula of finite blocklength was also used for assessing the coding performance. As for MAC layer, inspired by the system reliability theory, we discussed the general expression for latency and reliability with the help of the CDF of latency. Based on the above methods, the promising solutions to deal with potential challenges have been proposed at the end of this paper. Finally, more research are still needed to address many other challenges of URLLC in the future.
